SIX5 (previously known as myotonic dystrophy associated homeodomain protein-DMAHP) is a member of the SIX [sine oculis homeobox (Drosophila) homologue] gene family which encodes proteins containing a SIX domain adjacent to a homeodomain. To investigate the DNA binding specificities of these two domains in SIX5, they were expressed as GST fusion proteins, both separately and together. Affinity purified recombinant proteins and cell lysates from bacteria expressing the recombinant proteins were used in gel retardation assays with double stranded oligonucleotides representing putative DNA binding sites. The putative sites included two in the promoter region of DMPK (dystrophia myotonica protein kinase) and the previously characterised murine Six4 DNA binding site in the Na + /K + ATPase α1 subunit gene (ATP1A1) regulatory element (ARE). None of the recombinant proteins showed any affinity for the two putative sites in DMPK. However, the two recombinant proteins containing the homeodomain both formed at least one specific complex with the ARE. The recombinant protein containing both domains formed a second specific complex with the ARE, assumed to be a dimer complex. Finally, a whole genome PCR-based screen was used to identify genomic DNA sequences to which SIX5 binds, as an initial stage in the identification of genes regulated by SIX5.
INTRODUCTION
Six mammalian members of the SIX [sine oculis homeobox (Drosophila) homogue] family have been identified (Six1-6) and they all encode at least two functional domains (1) (2) (3) (4) . In addition to the 60 amino acid homeodomain, the SIX domain (approximately 116 amino acids) shows a high degree of homology between family members and lies immediately N-terminal to the predicted homeodomain (5) . Homologues have also been identified in Drosophila, Caenorhabditis elegans, Xenopus laevis, chick, newt, killifish/medaka and zebrafish (4, (6) (7) (8) (9) (10) (11) (12) .
SIX5 shows greater homology to SIX4 (also known as AREC3) than to any other SIX protein (amino acid sequence similarity is 70.3% in the SIX domain and homeodomain).
Murine Six4 was originally identified as one of the cell typespecific factors that bind to the ATP1A1 regulatory element (ARE). DNase I footprinting and methylation experiments identified the binding site of murine Six4 as GGTGTCAG-GTTGC (conserved in human, mouse, rat and horse) and a possible minimum sequence for binding as GGNGNCNG-GTTGC (13) . A full-length mouse Six4 cDNA was used to synthesise GST-Six4 recombinant fusion proteins containing different regions of Six4 protein (2) . The SIX domain and the homeodomain were both required for specific binding to GGTGTCAGGTTGC, although the homeodomain alone bound specifically to some other, unidentified, region of the ARE. This is a similar situation to that found in the Paired and POU classes of homeodomain proteins, in which the presence of two domains is required for specific DNA binding (14) (15) (16) .
Murine Six2 and Six5, but not Six3, also bind specifically to the Six4 binding site in the ARE (3) . The sequence of this binding site differs from all previously reported homeodomain binding sites, the majority of which contain a core tetranucleotide ATTA (17) . It is known that arginine at position five of the homeodomain, which is conserved in 95% of known homeodomains, interacts with the core ATTA sequence (17) . SIX5 and SIX4 have a valine at this position and other members of the SIX family have serine or threonine. Therefore, it is possible that SIX proteins will not bind to a target sequence with a typical ATTA core. The amino acid at position 50 of the homeodomain normally recognises the two bases immediately 5′ to the core sequence. A lysine at position 50 (as present in all members of the SIX family) is known to specify a target sequence of GGATTA. Therefore, if SIX5 does in fact bind to an ATTA core sequence this would be the predicted recognition site.
SIX5 is situated downstream of the DMPK (dystrophia myotonica protein kinase) gene and the unstable (CTG) n repeat associated with myotonic dystrophy type 1 (DM1) (1, (18) (19) (20) (21) (22) (23) (24) (25) . DM1 is the most prevalent form of adult onset muscular dystrophy, with an estimated incidence of 1 in 8000, and is inherited as an autosomal dominant disorder. It is characterised by muscle weakness and atrophy although symptoms are highly variable and multisystemic (26) .
An enhancer element that controls the expression of SIX5 was identified within a DNase I hypersensitive site adjacent to the (CTG) n repeat and alleles with large expansions were shown to lose hypersensitivity (24, 25) . A 2-4-fold reduction in the steady-state transcript levels of SIX5 from the expanded allele, compared to the normal allele of DM1 patients, was seen in fibroblasts and skeletal muscle cells. This implies that expansion of the (CTG) n repeat alters local chromatin structure in such a way as to reduce expression of SIX5, which in turn is implicated in the pathogenesis of DM1 (25) . Other groups have also reported a reduction in the levels of SIX5 mRNA synthesis from the DM1 allele in primary myoblast cultures and postmortem muscle, heart, brain and liver tissues from DM1 patients (27) (28) (29) . In contrast, other reports indicated that levels of SIX5 expression were unchanged in fibroblast cell lines and adult skeletal muscle from DM1 patients, compared to normal controls (30, 31) . However, allele-specific PCR has recently shown that expression of SIX5 from the expanded allele is reduced in the DM1 fibroblast cell lines (32) .
SIX5 could potentially regulate DMPK, as both genes have been shown to be expressed in a similar range of tissues in both human and mouse and levels of expression from both genes have been shown to be altered in DM1 patients (1, 25, 27, (33) (34) (35) (36) (37) (38) (39) . We identified a site similar to that bound by Six4, in the promoter region of human DMPK, along with a GGATTA consensus site (which is conserved in both mouse and human).
In this study GST-SIX5 fusion proteins were used in gel retardation assays with short double stranded DNA fragments representing putative DNA binding sites, to investigate DNA binding targets of SIX5 and the functions of its two conserved domains in DNA binding specificity. A whole human genome PCR-based screen was also performed with recombinant protein to identify other potential targets of SIX5. We hypothesised that: (i) SIX5 protein regulates DMPK expression by binding to one of the two putative binding sites within its promoter; (ii) SIX5 is partially responsible for the regulation of ATP1A1 by binding to a sequence within the ARE; (iii) the SIX domain and the homeodomain of SIX5 are both required for sequencespecific binding. We also hypothesised that as SIX5 is expressed in a wide range of tissues affected by the multisystemic disorder DM1, that SIX5 binds to and regulates a number of genes that are involved in the manifestation of the phenotype.
MATERIALS AND METHODS

Expression and purification of GST-SIX5 recombinant proteins
Recombinant proteins for use in gel retardation assays and the whole genome PCR-based screen were generated using the pGEX bacterial expression system (Amersham Pharmacia Biotech, Bucks, UK). The gene fragments to be expressed were subcloned into the MCS of pGEX4T3. From a 500 ml culture, 20 ml of bacterial cell lysate were obtained and, where required, purified by affinity chromatography (40) . GST-fusion proteins were eluted in 6 ml of elution buffer [50 mM Tris-HCl (pH 8.0), 120 mM NaCl, 10 mM DTT, 1 mM PMSF, 20 mM reduced glutathione]. For GST-SIX, a BamHI-AccI fragment of a genomic SIX5 clone (nucleotides 1310-1731, accession number X84813) was subcloned into pGEX4T3. The predicted fusion protein contains SIX5 amino acids G65-Y206 (assuming the translation start site is at position 1118-1120 of accession number X84813). For GST--HD, the homeobox (180 bp) plus 131 bp of flanking sequence was amplified from a 1.15 kb RT-PCR product subclone (1) by PCR [primers: KJDMF and SIX5-R.SEH, previously described by Winchester et al. (39) ] and subcloned into pGEX4T3 (SIX5 amino acids V183-E285). These two overlapping clones were used to generate GST-SIX+HD by inserting an AccI fragment of the GST-HD construct into the AccI site of the GST-SIX construct (SIX5 amino acids G65-E285) maintaining the correct reading frame ( Fig. 1 ).
Generation of putative DNA binding sites
Forty base-pair double stranded oligonucleotides representing putative DNA binding sites and flanking regions were created by annealing two single stranded oligonucleotides to give a sequence with a BamHI compatible site at one end and an EcoRI compatible site at the other end. The oligonucleotide pairs are shown below with the putative binding sites in bold and the restriction endonuclease sites in lower case. ARE1 and ARE2 represent -96 to -62 of ATP1A1 (13) and include the 13 bp Six4 binding site and 21 bp of flanking sequence within the ARE (this entire sequence is conserved between human, rat and mouse). A mutant ARE sequence that differs by a single nucleotide and has been shown not to bind Six4 was also produced (oligonucleotides, AREmut1 and AREmut2) (2) . The mutated base in each strand is underlined. ARE-like1 and ARE-like2 (nucleotides 726-760, accession number L08835) represent the ARE-like sequence in the DMPK promoter. GGATTA1 and GGATTA2 (nucleotides 1311-1346, accession number L08835) represent the GGATTA consensus site present in the promoter region of DMPK. The double stranded oligonucleotides were subcloned into the BamHI-EcoRI sites of pBluescript SK(+) phagemid (Stratagene, La Jolla, CA).
Gel retardation assays
Aliquots of each plasmid DNA (1-2 µg), containing the cloned putative DNA binding sites, were digested with XbaI and HindIII [for pBluescript SK(+) plasmids] or NotI (for pGEM plasmids, used in whole genome PCR). Vector and insert were end-radiolabelled with [α-32 P]dCTP using the Klenow fragment of DNA polymerase I.
Ten microliters of affinity purified recombinant protein (~6 pmol) or a 1/10 dilution of unpurified cell lysate diluted in 1.5× DNA-protein binding buffer [50 mM Tris-HCl (pH 8.0), 120 mM NaCl, 10 mM DTT, 1 mM PMSF], 7% (v/v) glycerol, 0.01 µg/µl poly[dI/dC]·poly[dI/dC], 3.33 × 10 -3 % (w/v) bromophenol blue, 100 cps radiolabelled probe (~3 fmol) and H 2 O to bring the total volume to 15 µl were mixed on ice. They were incubated for 20 min at room temperature. Binding reactions were analysed by electrophoresis in non-denaturing 8 or 4% (w/v) polyacrylamide gels [50 mM Tris-glycine (pH 9.4), 0.1 mM EDTA, 8 or 4% (w/v) acrylamide:bis (37.5:1), 0.12% (w/v) APS, 0.06% (v/v) TEMED] for 3 h at 200 V.
Whole genome PCR
The whole genome PCR screen was based on a modification of published methods (41, 42) . In summary, 1 µg aliquots of high molecular weight human lymphocyte DNA were digested to completion with either Sau3AI or Tsp509I. The Sau3AI digest was then ligated to linkers consisting of 5 µg of complementary oligonucleotides V-SU (5′-GATCGGACTTGCTACGGTA-ATCAG-3′) and V-NL (3′-CCTGAACGATGCCATTAGTC-5′) annealed together. The Tsp509I digest was ligated to linkers consisting of 5 µg of complementary oligonucleotides Tsp (5′-AATTGGACTTGCTACGGTAATCAG-3′) and V-NL annealed together. The DNA was heated to 95°C, precipitated using 1.3 vol of propan-2-ol and 0.3 vol of 10 M ammonium acetate, air dried and resuspended in 10 µl H 2 O. This created two independent linker libraries.
Linkered genomic DNA (300 ng; either Sau3AI cleaved or Tsp509I cleaved) was mixed with 200 µl of a 50% (v/v) slurry of GST-SIX+HD bound to glutathione coated Sepharose 4B beads (~4 µg of protein) in an Eppendorf tube. The sample was rotated at room temperature for 1 h before centrifugation at 10 000 g for 5 min and the supernatant removed. The beads were washed in 1 ml of 1× DNA-protein binding buffer (as used in the gel retardation assay). Bound DNA was then eluted by the addition of 100 µl 1× DNA-protein binding buffer plus 1 M NaCl. The sample was rotated at room temperature for 30 min before centrifugation at 10 000 g for 5 min and the eluate removed to a fresh tube. The DNA was precipitated with propan-2-ol, air dried and resuspended in 10 µl H 2 O, before being used as a PCR template.
PCR was carried out using Perkin Elmer AmpliTaq Gold, with the following conditions: 0.5 µM of primer V-NL, 0.2 mM each dNTP, 1.25 U Taq polymerase, 5% (v/v) DMSO and 1× Gene Amp PCR buffer in a 25 µl total volume. Thirty cycles of PCR were performed, consisting of 1 min at 94°C, 1 min at 59°C and 1 min at 72°C, followed by 7 min at 72°C. The templates used were 5 µl of eluted, bound and precipitated DNA, 5 µl of 1/10 (all rounds) 1/100 (rounds 3-5) and 1/1000 (round 5) dilutions of the DNA. PCR product (100-400 ng) was used in another round of selection.
Rounds of binding and PCR were repeated five times until discrete bands could be seen after electrophoresis in a 1% (w/v) agarose gel. The discrete bands were subcloned into pGEM-T Easy vector (Promega, Madison, WI) following the manufacturer's instructions. Clones were sequenced using T7 and SP6 sequencing primers. Each individual sequence was tested for its ability to bind GST-SIX+HD in a gel retardation assay with 100-fold molar excess of unlabelled ARE as a competitor.
DNA sequencing
DNA sequencing was performed under standard conditions on either an ABI 373A sequencer or an ABI 377 sequencer (Perkin Elmer, Beaconsfield, UK), by the Molecular Biology Support Unit at the University of Glasgow.
RESULTS
Characterisation of the DNA binding properties of GST-SIX5 recombinant proteins
The SIX domain of SIX5 (GST-SIX), the homeodomain (GST-HD) and the SIX and homeodomain together (GST-SIX+HD), were expressed as recombinant GST-fusion proteins in a bacterial expression system ( Fig. 1 ). Affinity purified GST-fusion proteins and cell lysates from bacteria expressing these recombinant proteins were tested for their ability to bind to the putative DNA binding sites (ARE, AREmut, ARE-like and GGATTA, see Materials and Methods) using gel retardation assays ( Fig. 2) .
Binding reactions using affinity purified fusion proteins gave the following results. Binding reactions were also performed using bacterial cell lysates containing over-expressed recombinant GST-SIX+HD (lanes 1-4), GST-HD (lanes 9-12) or GST-tag protein (results not shown). GST-SIX could not be assayed in this manner due to its insolubility in the cell lysate. The intensity of the upper 4) . The cell lysate did not increase the intensity of the complex formed by the binding of GST-HD to the ARE (lane 9). Lysate from bacteria expressing the GST-tag protein did not bind to any of the oligonucleotides (results not shown). These experiments indicated that either a cofactor was present in the cell lysate that enhanced the binding activity of GST-SIX+HD or that the activity or concentration of the recombinant protein itself was reduced by affinity purification. It was not possible to estimate the concentrations of the over-expressed recombinant GST-fusion proteins present in the bacterial cell lysates by protein assay or SDS-PAGE analysis, due to the abundance of other bacterial proteins. Therefore, cell lysate from bacteria expressing GST-tag protein was added to a binding reaction consisting of 5.4 pmol of affinity purified GST-SIX+HD and the ARE. About 80% (w/w) of the ARE formed a single retarded complex (C1) (Fig. 3 ). This experiment indicates the presence of a cofactor in the cell lysate that enhances the binding of SIX5 to the ARE.
Characterisation of the binding enhancement cofactor present in the bacterial cell lysate
To characterise the cofactor present in the bacterial cell lysate that enhanced the binding of GST-SIX+HD to the ARE, aliquots of lysate from bacteria expressing the GST-tag protein were modified by a number of techniques. These were (i) size fractionation using a Centricon 10 column (Millipore, Watford, UK) to give one fraction containing proteins >10 kDa and one fraction containing proteins with a molecular weight <10 kDa; (ii) digestion with 50 µg/ml proteinase K at 55°C overnight (the proteinase K was inactivated by heating to 95°C for 10 min), (iii) boiling for 45 min, (iv) dialysis. The modified lysates were added to binding reactions consisting of 5.4 pmol of affinity purified GST-SIX+HD and the ARE as in the previous experiment. The enhancement activity was lost from the cell lysates that contained only proteins with a molecular weight <10 kDa or had been treated with proteinase K (Fig. 4 ). This experiment indicated that the cofactor is a heat-stable protein with a molecular weight >10 kDa.
Two known heat-stable bacterial DNA bending proteins (HU and FIS from Escherichia coli) that modulate the activity of a variety of DNA binding proteins (43) were tested to see if they could enhance the binding of GST-SIX+HD to the ARE. Concentrations of these proteins ranging from 0.005 to 3 ng/µl were tested. No enhancement activity was detected (results not shown).
Whole genome PCR
In order to identify gene promoters regulated by SIX5 a whole genome PCR-based screening method was used to identify human genomic DNA sequences bound by GST-SIX+HD protein.
GST-SIX+HD was bound to glutathione-coated Sepharose 4B beads. The immobilised protein was incubated with two human genomic DNA linker libraries (Sau3AI and Tsp509I). Bound DNA was eluted and amplified by PCR. This selection process was repeated five times, at which point discrete products could be visualised by agarose gel electrophoresis (Fig. 5 ). The final selected products were subcloned into pGEM-T Easy vector and sequenced. Seven independent fragments were identified from each of the two libraries; the average length of which was 420 bp (range 336-524 bp). None of the selected fragments contains the known Six4 binding site (within the ARE). Each fragment was tested by gel retardation assays with cell lysate from bacteria expressing either GST-SIX+HD or GST-tag protein. All 14 fragments formed specific complexes with GST-SIX+HD; five of these (clones SauD, SauE, TspA, TspB and TspC) also formed other retarded complexes as indicated by a gel shift in the absence of GST-SIX+HD. No complexes were formed in the absence of bacterial cell lysate (Fig. 6 ). The binding of GST-SIX+HD to five of the fragments (clones SauD, TspA, TspC, TspD and TspE) was not competed by the presence of 100-fold molar excess of unlabelled ARE. The sequences of all 14 fragments were used in BLAST searches of the GenBank, EMBL, DDBJ and PDB databases. TspE shows 92% identity, over its entire length of 388 bp, to a portion of the 5′ flanking and promoter region of the human dopamine D5 receptor gene (DRD5) This sequence maps from -965 to -578 of DRD5 (accession number U21164) and starts 1161 bp 3′ of the initiation site (44) . However, TspE shows 97% identity to the homologous region of DRD5 transcribed pseudogene 1 (ϕDRD5-1). A second DRD5 transcribed pseudogene (ϕDRD5-2) also exists which has been reported to have~95% identity with DRD5 and ϕDRD5-1 for 1.9 kb upstream of the coding region of DRD5 (45) (46) (47) . Both pseudogenes contain differences in their coding regions that make them incabable of encoding functional receptors. Unfortunately the 5′UTR sequence of ϕDRD5-2 is not present in any of the databases. However, all three genes have been mapped to separate chromosomes; DRD5 to chromosome 4, ϕDRD5-1 to chromosome 2 and ϕDRD5-2 to chromosome 1 (48, 49) . Using a somatic cell hybrid DNA panel (HGMP) we have mapped TspE to chromosome 1, indicating that it is likely to be from the 5′UTR of ϕDRD5-2.
TspC contains non-alphoid repetitive sequence identical to such sequences in clones from the cat eye syndrome region of chromosome 22q11.2 (13421-13803, accession number AP000540). No potential genes or promoters were identified in this region using NIX analysis (HGMP). NIX is a WWW tool for the running and viewing of the results of many DNA analysis programs on a DNA sequence. These programs include GRAIL, Fex, Hexon, MZEF, Genemark, Genefinder, FGene, BLAST (against many databases) Polyah, RepeatMasker and tRNAscan. SauD, TspA and TspD show no significant matches to any sequences in the databases.
Of the sequences that were shown to be competed by excess ARE, SauB contains sequence from the genomic region containing the BLU gene (1659-17405, accession number AC002481 ). SauG is 99% identical to genomic DNA from chromosome 21q22.2, Down syndrome region (73900-74312, accession number AP000162). No potential genes or promoters were identified in this region using NIX analysis. TspF contains a repetitive element present on chromosome 22q13.3 (55710-56114, accession number AL022327). No potential genes or promoters were identified in this region using NIX analysis. The other six sequences show no significant matches to any sequences in the databases. MEME (multiple EM for motif elicitation) analysis (50) was performed separately on the five sequences not competed by the ARE and the nine sequences competed by the ARE. This program identifies highly conserved regions within a group of related DNAs. No conserved motifs were identified. Table 1 summarises details of all the clones tested by gel retardation assay with GST-SIX+HD. The 14 sequences identified by the whole genome PCR-based . Gel retardation analysis of sequences selected by whole genome PCR. The selected sequences from each linker library were tested for binding to recombinant SIX5 by gel retardation assays with cell lysates from bacteria expressing GST-SIX+HD (S) or GST (G). Negative control assays (containing no protein) were also performed (-). Gel retardation assays were then repeated using cell lysate from bacteria expressing GST-SIX+HD and a 100-fold molar excess of unlabelled ARE fragment to determine specific binding. screen have been submitted to GenBank and their accession numbers are shown.
DISCUSSION
Gel retardation assays with GST-SIX5 recombinant proteins indicated that SIX5 does not bind to a GGATTA consensus site present in the promoter of DMPK. Although GGATTA is recognised by homeodomain proteins that possess a lysine at position 50 of the homeodomain it is an arginine at position 5 of the homeodomain that contacts the ATTA core sequence. SIX5 (and other members of the SIX family) contain a lysine at position 50 but lack an arginine at position five and therefore this is not an unexpected result. It also appears that SIX5 does not bind to the ARE-like sequence in the promoter of DMPK and therefore if SIX5 is regulating DMPK expression, it is unlikely to be doing so directly by binding to either of these putative binding sites.
Both GST-SIX+HD and GST-HD bound to the ARE but not to the mutant ARE (which differed by only 1 bp), which indicates that this binding is highly sequence-specific. This is highly suggestive that SIX5 is involved in the regulation of ATP1A1. This is of particular interest as Na + /K + ATPase activity has been shown to be reduced in DM1 patients (51, 52) . Although we obtained no evidence that the SIX domain on its own binds to the ARE, when present with the homeodomain (as in the endogenous protein) it affects the binding affinity. It is possible that the higher molecular weight complex observed in the gels is formed by a protein dimer and the lower molecular weight complex by a protein monomer binding to the DNA and that the SIX domain is required for dimerisation to occur.
Although homeodomain proteins can bind as monomers in vitro, evidence is now emerging that many also bind as dimers. The paired family of homeodomain proteins have been shown to bind as both heterodimers and homodimers to palindromic DNA sequences. The binding of one homeodomain molecule was reported to increase the affinity of a second molecule 300-fold (53) .
The presence of the bacterial cell lysate greatly enhanced the formation of the putative dimer complex which suggests that it contains a cofactor that alters the structure of the DNA in such a way as to increase the likelihood of dimer formation. There are many examples of prokaryotic and eukaryotic factors that can bend DNA to enhance the interaction of two or more transcription factors (54) . It appears that a cofactor is present in the bacterial crude cell lysate, that is sufficiently similar to a natural cofactor present in human cells, to alter the structure of the DNA enough to enhance dimerisation. We have shown that this cofactor is a heat-stable protein with a molecular weight >10 kDa.
The SIX domain has been shown in Drosophila to be important for protein-protein interactions. Drosophila sine oculis (so), the founding member of the SIX family, and eyes absent (eya), also an eye development protein in Drosophila, interact in yeast and in vitro through the SIX domain of so and an evolutionarily conserved domain in eya (55) . Recently murine Six and Eya proteins have also been shown to specifically interact through their homologous conserved domains (56, 57) . The experiments described in this paper provide further evidence that the SIX domain is involved in protein-protein interactions as it was shown to be necessary for the putative homodimer complex to form. The whole genome PCR-based screen identified 14 independent sequences, five of which were bound by GST-SIX+HD even in the presence of 100× molar excess of the ARE fragment. This indicates that DNA sequence or sequences exist for which SIX5 has a greater affinity than it does for the ARE and may also partly explain why the screen did not identify the ARE sequence. However, it should also be noted that a screen of this kind will only identify binding sites that are in a restriction fragment of a length that can easily be amplified by PCR (in this case~500 bp was optimal). DNase I footprinting is currently being performed to identify the exact protein-DNA binding site within each of the selected sequences. From this a consensus binding site for SIX5 may be determined. Although MEME analysis failed to identify a consensus sequence it should be noted that this program does not allow gaps within the motifs and it is known that not all the positions of the 13 bp sequence within the ARE are involved in Six4 binding (13) . Recently, murine Six1, Six2, Six4 and Six5 were shown to bind to a MEF3 (myogenic enhancing factor 3) consensus sequence (TCAGGTT) within the myogenin promoter, thus implicating them in the myogenesis pathway (57, 58) . This could explain how down-regulation of SIX5 expression leads to the delay in muscle maturation associated with congenital DM1 and the muscle atrophy in classical DM1 patients. MEF3 sites are also present in the promoter regions of aldolase A and cardiac troponin C, which may also be involved in DM1 muscle and heart symptoms (59) (60) (61) (62) . Interestingly, a MEF3 site is present in the ARE (to which we have shown SIX5 binds) and absent in AREmut (to which SIX5 does not bind; the first C is changed to a G). However, the ARE-like sequence within the promoter of DMPK, to which this study has shown that SIX5 does not bind, also contains a MEF3 site indicating that the sequence flanking the MEF3 site may be important in specifying the SIX5 target DNA site. Of the 14 sequences identified by the whole genome PCR screen only TspA and SauE contain a MEF3 site. Together these data suggest that there are several (possibly related) potential in vitro sequencespecific binding sites for SIX5 (and other members of the SIX family) of which all or a subset may be functionally active. It is likely that in vivo the affinities of members of the SIX family for the various DNA binding sites are specified by particular SIX-EYA or SIX-SIX complexes. The down-regulation of SIX5 could disrupt pathways in which other SIX family members (but not SIX5) are involved if they bind to DNA and or protein sequences unoccupied by SIX5 complexes.
We concluded that the sequence of clone TspE is from ϕDRD5-2. If the DRD5 gene 5′ flanking and promoter region is also shown to contain a SIX5 binding site this could indicate an interesting mechanism for the regulation of this gene and its transcriptionally active pseudogenes, as the homologous region within DRD5 is situated between the transcription and translation start sites. SIX5 may therefore interfere with transcription of DRD5. Alternatively, SIX5 may bind to the RNA at this position and thus act as a translational repressor. A Drosophila homeodomain protein, bicoid, which binds DNA and transcriptionally activates different target genes has also been shown to repress the translation of caudal by binding to the 3′UTR of the mRNA (63) . It has been reported that the dopamine receptors of pituitary prolactin cells might be impaired in DM1 patients (64) . DM1 patients suffer from psychological problems (26) and one can speculate that this may be due to defects in their dopamine receptors. Therefore, DRD5 is a candidate for involvement in the development of the DM1 phenotype. Further studies into DRD5 mRNA and protein levels in DM1 patients and normal controls are being initiated to address this question.
The sequence of SauB is from the human BLU gene within the lung cancer region on chromosome 3p21.3 and contains both exonic and intronic sequence. DNase I footprinting will tell us if the binding site is exonic or intronic giving us an insight into a possible regulatory mechanism for this gene.
The other 12 sequences identified by the whole genome PCR screen show no significant matches to any genes in the databases although SauG, TspC and TspF have been localised to particular genomic loci. All 12 sequences are being characterised further to identify any genes to which they are linked.
In conclusion we have shown that in vitro the homeodomain of human SIX5 acts as a sequence-specific DNA binding domain and that the SIX domain is necessary for the formation of a stable putative homodimer complex that enhances this binding activity. We have also identified five DNA sequences to which SIX5 binds with greater affinity than it does to the ARE and have identified two genes potentially regulated by SIX5.
